Ionic conductances in identified neurons are highly variable. This poses the crucial question of how such neurons can produce stable activity. Coexpression of ionic currents has been observed in an increasing number of neurons in different systems, suggesting that the coregulation of ionic channel expression, by thus linking their variability, may enable neurons to maintain relatively constant neuronal activity as suggested by a number of recent theoretical studies. We examine this hypothesis experimentally using the voltage-and dynamic-clamp techniques to first measure and then modify the ionic conductance levels of three currents in identified neurons of the crab pyloric network. We quantify activity by measuring 10 different attributes (oscillation period, spiking frequency, etc.), and find linear, positive and negative relationships between conductance pairs and triplets that can enable pyloric neurons to maintain activity attributes invariant. Consistent with experimental observations, some of the features most tightly regulated appear to be phase relationships of bursting activity. We conclude that covariation (and probably a tightly controlled coregulation) of ionic conductances can help neurons maintain certain attributes of neuronal activity invariant while at the same time allowing conductances to change over wide ranges in response to internal or environmental inputs and perturbations. Our results also show that neurons can tune neuronal activity globally via coordinate expression of ion currents.
Introduction
Given that typically more than one ionic current determines the properties of any given neuronal activity attribute (spiking frequency, oscillation period, etc.), neurons may have mechanisms in place to ensure the coordinated regulation of currents controlling individual attributes. However, it is commonly assumed that individual ionic currents independently control distinct neuronal activity attributes even if most authors may implicitly recognize that more than one current affects the same attribute. Correlations among ionic conductances have now been measured in several systems (Linsdell and Moody, 1994; MacLean et al., 2003; Vähäsöyrinki et al., 2006; Khorkova and Golowasch, 2007; Peng and Wu, 2007; Tobin et al., 2009; Bergquist et al., 2010; Cao and Oertel, 2011; Amendola et al., 2012) , suggesting that coregulation of ion channels exists at some level between transcription and membrane expression. Modeling and experimental studies have suggested that a possible functional role for the coexpression of ionic conductances is to ensure the invariance of the activity attributes they determine (Burdakov, 2005; MacLean et al., 2005; Swensen and Bean, 2005; Khorkova and Golowasch, 2007; Olypher and Calabrese, 2007; Hudson and Prinz, 2010; Amendola et al., 2012) . This may be crucial in light of the high variability observed in the expression of ionic conductance levels in identified neurons across individuals (Golowasch et al., 1999; Schulz et al., 2006; Khorkova and Golowasch, 2007; Olypher and Calabrese, 2007; Temporal et al., 2012) . Interestingly, so far correlations that can adequately be described by linear functions have been observed experimentally, almost all of which show positive slopes (Khorkova and Golowasch, 2007; Schulz et al., 2007; Tobin et al., 2009; Cao and Oertel, 2011; Amendola et al., 2012 ; but see Ransdell et al., 2012) , although theoretical studies demonstrate that negative (or nonlinear) relationships are equally possible (Golowasch et al., 2002; Burdakov, 2005; Olypher and Calabrese, 2007; Taylor et al., 2009) . Nevertheless, the role of correlated expression of multiple currents remains unknown and is the focus of this study.
Much of what is known about the correlated expression of ionic currents comes from experimental and theoretical work on the pyloric network of decapod crustaceans (MacLean et al., 2003; MacLean et al., 2005; Schulz et al., 2006 Schulz et al., , 2007 Khorkova and Golowasch, 2007; Hudson and Prinz, 2010) . The pyloric network is known to maintain phase relationships of bursting activity between neurons nearly constant (Bucher et al., 2005; Goaillard et al., 2009 ), but no explanation has been found for this phenomenon. We hypothesize that phase invariance is partly due to the correlated expression of ionic currents. Here we use the dynamic clamp technique to ask what possible role the linearly correlated expression of three ionic currents (I A , I H , and I HTK ) in identified pyloric dilator (PD) neurons from the crab Cancer borealis plays in the normal behavior of this neuron. We find that simultaneously varying these three currents produces changes in all the attributes of activity measured. These changes are related to the three currents in single, pairwise, or three-way combinations, defining linear relations among these currents that maintain the attribute values invariant across a large range of conductances.
Materials and Methods
Preparation and identification of the neurons. Experiments were conducted on the stomatogastric nervous system (STNS) of male crabs, Cancer borealis. Animals were obtained from local markets (Newark, NJ) and maintained in seawater tanks at 7-10°C. The STNS was dissected out under a stereoscope and the complete isolated STNS, including the stomatogastric ganglion (STG), the esophageal ganglion (OG), the paired commissural ganglia (CoG), and connecting nerves and motor nerves (Fig. 1 A; Selverston et al., 1976) , were pinned down on a Sylgard-coated Petri dish. The STG was desheathed to enable electrode penetration of the pyloric neuron cell bodies. All preparations were continuously superfused with chilled (10 -13°C) physiological Cancer saline containing (in mM) 11 KCl, 440 NaCl, 13 CaCl 2 , 26 MgCl 2 , 11.2 Trizma base, 5.1 maleic acid, pH 7.4 -7.5. Extracellular recordings from identified motor nerves ( Fig. 1 A) were made using stainless steel wire electrodes, with one end inserted inside and the other outside of a petroleum jelly (Vaseline) well built around the nerve, and amplified with a Differential AC amplifier (A-M Systems 1700). Intracellular recordings were made from the neuronal cell bodies with sharp glass microelectrodes pulled using a Flaming-Brown P-97 micropipette puller (Sutter Instruments) and containing 0.6 M K 2 SO 4 and 20 mM KCl (final electrode resistance 20 -30 M⍀). All intracellular recordings were performed in single-or two-electrode current-clamp or two-electrode voltage-clamp mode (Axoclamp 2B amplifiers, Molecular Devices). Pyloric neurons are identified according to their characteristic axonal projections in identified nerves and interactions with other STG neurons (diagrammatically shown in Fig. 1 B; Weimann et al., 1991; Blitz et al., 2008) .
All data reported here are from PD neurons. Two PD neurons are electrically coupled to each other (Fig. 1 B) and currents were measured in one of the two PD neurons in normal saline without making any attempt to uncouple them. Three currents were measured in twoelectrode voltage-clamp mode and leak was subtracted as described before (Khorkova and Golowasch, 2007) . (1) A high-threshold potassium current (I HTK ) was measured as the current activated in normal saline by applying 1000 ms depolarizing voltage steps from a holding potential of Ϫ40 mV. Although this current is composed of two separate currents, a large Ca-dependent K ϩ current and a small delayed rectifier current (Golowasch and Marder, 1992b; Khorkova and Golowasch, 2007) , we did not attempt to separate them. (2) A transient A-type current (I A ), which is fully inactivated at holding voltages of Ϫ40 mV, was thus determined by subtraction of I HTK from the currents measured at the same membrane potentials but from a holding voltage of Ϫ80 mV. (3) A hyperpolarization-activated current (I H ) was activated with 6-s-long hyperpolarizing pulses from a holding potential of Ϫ40 mV. Given that typically these currents are measured under conditions in which oscillatory activity from these neurons is blocked [in tetrodotoxin (TTX), for example], controls were performed to make sure that these currents could be faithfully measured in the absence of such a blocker. Figure 2 A shows the currents measured in normal saline (black traces) with superimposed (red) traces of the same currents measured after 10 Ϫ7 M TTX was applied. As can be seen, most current traces overlap to a large degree. This allows us to be confident that the current parameter estimates (see Current fitting and dynamic clamp) obtained from currents measured in normal saline are consistent with those measured under the best conditions possible for this system.
I HTK is a current composed of several currents under our recording conditions. At least two K ϩ currents are part of it and in normal saline, one Ca 2ϩ and one Na ϩ current also are activated. While the two K ϩ currents are large, the two inward currents are at least 100 times smaller and contribute Ͻ1% of the total current. Thus, I HTK can be thought of a mix of two K ϩ , mostly dominated by a Ca 2ϩ -activated component (Golowasch and Marder, 1992b) . We did not attempt to separate these two components in this study because coexpression of ion currents in these cells was originally shown for this compound I HTK (Khorkova and Golowasch, 2007) .
Current fitting and dynamic clamp. After we measured the currents described above, we used a manual fitting program that calculates currents using Hodgkin-Huxley-type equations to match voltage clampmeasured currents. The characteristic voltage and kinetic parameters of The anterior burster (AB) and both PD neurons are all strongly electrically coupled to each other. LP receives inhibition from AB and inhibits both PD neurons, while it also reciprocally inhibits the PY neurons. C, The triphasic pyloric rhythm was recorded simultaneously from the lvn and pdn and intracellularly from one of the two PD neurons and the LP neuron. The arrows above the lvn recording highlight the onset (on) and termination (off) of the PD and LP neuron bursts. Red lines and arrows point out the other neuronal activity attributes measured in this study. IPSPs in PD are elicited by the action potentials of the LP neuron.
these currents can then be used by our dynamic clamp software to modify the intrinsic current levels. The equations used had the form:
where X indicates the ionic conductance, m(V) the activation term, and h(V) the inactivation term. For I A and I HTK , two independent inactivation conductance terms were needed. The activation and inactivation terms have the same form (here written only for m(V)):
.
An example of such fits is shown in Figure 2 B and examples of the parameters used for the three currents in one of the preparations are listed in Table 1 .
The dynamic clamp software we use, available at http://stg.rutgers.edu/ software/, makes use of a NI PCI-6070-E board (National Instruments) on a Windows platform. This system measures the neuronal membrane potential in real time (4 kHz sampling frequency) to calculate an ionic current that can then be injected into the same neuron (Sharp et al., 1993a,b) . We used this to vary I A , I HTK , and I H by modifying their maximal conductances over a range of positive and negative values around the endogenous level of each current (Ϫ50, Ϫ25, 0, 25, and 50%). Thus, in any given experiment, 125 different maximum conductance combinations were defined, and the three currents were calculated and injected back into the same PD neuron in two-electrode current-clamp mode. To avoid current flow through gap junctions between the two electrically coupled PD neurons, the same current that was injected into the primary Figure 2 . Measurement and fitting of ionic currents. I A , I HTK , and I H were measured as described in Materials and Methods. A, Shown here is one example of the three leak-subtracted currents measured in a single PD neuron. Command voltages for I A and I HTK were Ϫ30 to ϩ20 mV, and for I H Ϫ60 to Ϫ100 mV, in increments of 10 mV. Superimposed in red are traces from the same cell after 10 Ϫ7 M TTX was added to the bath showing only minor differences in the currents recorded under these two conditions. B, Current traces from a different PD neuron recorded in normal saline and using the same protocols as in A (black). Superimposed (in red) are fits to the raw current traces with Hodgkin-Huxley-type equations. C, Recordings of each of the two PD neurons in a single preparation. Dynamic clamp currents (bottom trace) were calculated using the voltage recording from PD 1 to change G A , G H , and G HTK as indicated, and was injected into both PD 1 and PD 2 neurons. Note the similarity in the voltage excursions. Top trace is from the lvn. 
Table 1. Hodgkin-Huxley equation parameters used in fits shown in Figure 2, and equations in text
PD neuron was injected into the second PD neuron in single-electrode current-clamp mode (Rabbah and Nadim, 2005) after appropriately scaling it using a Brownlee Amplifier (Model 410, Brownlee Precision).
In Figure 2C we show the effects of such current injections on both PD neurons. It is clear that this method modifies the membrane potential of both neurons to the same extent. Recording, analysis, and statistics. Data were acquired using pClamp 9 software (Molecular Devices) or the Scope software (available at http:// stg.rutgers.edu/software), sampled at 4 kHz, and saved on a PC using a NI PCI-6070-E data acquisition board (National Instruments). Statistical and graphical analyses were done using Datamaster version 2.2 (available at http://stg.rutgers.edu/software), SigmaPlot 11.0 (Aspire Software), Origin 7.0 (OriginLab), and Matlab R2010b (MathWorks). Reported statistical significance indicates that the significance level p was below ␣ ϭ 0.05. In this study we characterized activity using 10 properties or attributes (illustrated in Fig. 1C ): spike number, spike frequency (ϭ (spike number Ϫ 1)/burst duration), slow-wave rising slope (calculated between the end of the last IPSP and the first action potential), minimum slow-wave amplitude or "low bound" [measured as the voltage at end of the last IPSP from the lateral pyloric (LP) neuron], and maximum slow-wave amplitude or "high bound" (measured as the average action potential baseline level), slow-wave amplitude (ϭ high bound Ϫ low bound), oscillation period (measured as the time between the first PD neuron action potentials of two consecutive cycles), and PD and LP burst phase onset and end (PDoff, LPon, and LPoff, respectively; with phase defined as the fraction of an oscillation period at which an event occurs). PD onset is used as reference point and is thus always defined as zero phase. Thus, for example, LP onset phase is the fraction of a cycle relative to the beginning of PD burst at which the LP neuron fires the first action potential of a burst.
Results
As long as neuromodulatory inputs from rostral ganglia to the STG pyloric network of decapod crustaceans are intact (Fig. 1 A) , pyloric activity is robust and stereotyped. Pyloric activity depends on the intrinsic properties of each of its neurons as well as the synaptic connections between them (Fig. 1 B) and can be characterized by a number of attributes that can be measured from intracellular somatic as well as extracellular nerve recordings. In this study we characterized activity using 10 attributes: slow-wave rising slope, spike number, spike frequency, maximum slowwave amplitude (high bound) and minimum slow-wave amplitude (low bound), LP burst phase onset and end (LPon, LPoff), PD burst phase end (PDoff), slow-wave amplitude (ϭ high bound Ϫ low bound), and oscillation period (Fig. 1C, red labels) . We examined the effect that correlated changes in the maximum conductance of ionic currents I A , I H , and I HTK (defined in Materials and Methods) have on these activity attributes. We hypothesize that, because PD neurons from different animals under control conditions express these currents in a linearly correlated manner (Schulz et al., 2006; Khorkova and Golowasch, 2007; Temporal et al., 2012) , at least a subset of activity attributes should be determined by pairs or triplets of these currents. Furthermore, pairs or triplets of conductance values should exist for which these activity attributes remain invariant (referred to as level sets). In particular, we hypothesize that the known invariance of phase relationships between PD and LP neurons in the network (Bucher et al., 2005; Goaillard et al., 2009 ) depends on these correlations.
For every experiment we first measured the 10 activity attributes in the unstimulated (unperturbed) system (Table 2) . We then recorded the three voltage-gated currents (I A , I HTK , and I H ) and immediately fitted them with Hodgkin-Huxley-type equations (Fig. 2 B) . To obtain reasonably close fits, both I A and I HTK required two voltage-gated components, each consisting of one activation and one inactivation term. The equations and parameters used for the currents in Figure 2 B are shown in Materials and Methods. These fits vary in quality from cell to cell, with one current or another producing a more accurate fit. This is due in part to the fact that these currents had to be measured in normal saline, in contrast with standard practice in which rhythmic activity of the pyloric network is blocked, by bath application of tetrodotoxin (Khorkova and Golowasch, 2007) , or by blocking action potential transmission along the stomatogastric nerve, which removes neuromodulatory input from central ganglia (CoGs and OG, Fig. 1 A) necessary for enabling rhythmic activity (Thoby-Brisson and Simmers, 1998; Luther et al., 2003) . Measuring ionic currents when the network is rhythmically active unavoidably introduces some degree of error to these measurements (Graubard and Hartline, 1991; Golowasch and Marder, 1992b) . However, after confirming that the current recordings obtained in normal saline were very similar to those obtained immediately after 10 Ϫ7 M TTX was applied ( Fig. 2A) , we deemed such error in the fits to be acceptable under these conditions.
Ionic current correlations determine activity attributes
After measuring and fitting the three currents, a matrix was built with maximum conductance values of each of the three currents set at Ϫ50, Ϫ25, 0 (endogenous level), 25, and 50% level relative to the endogenous value, thus generating 125 maximum conductance combinations. Currents in each one of these combinations were subsequently injected back, using dynamic clamp, into the same PD neuron from which they were measured as well as the second PD neuron to ensure that the membrane potential of both PD neurons changed to the same extent (Fig. 2C) . The activity of the PD neuron and of the entire pyloric network was recorded for each combination and stored for analysis. The 10 activity attributes were later measured and the difference, relative to control, was calculated. Henceforth, we report the percentage of change in activity attribute as a function of the percentage of change in the dynamic clamp-injected ionic conductance.
Subsequent analysis was performed in the four-dimensional (4-D) space created by varying the three conductances and measuring each activity attribute. However, to illustrate the general features of this analysis, Figure 3 shows an example of the changes observed in spiking frequency with respect to pairwise changes of ionic conductances, while keeping the third ionic conductance at its control level (0% change). In this example we determined the 2-D planes that best fit the observed spiking frequency changes using a multivariate linear regression with the plane described by (Fig. 3, left) . The resulting coefficients ␤ X and ␤ Y indicate the strength and direction of the spiking frequency changes as a function of the conductance changes shown on the X-and Y-axes, respectively. Thus, in the case illustrated in Figure 3A , the maximum conductance of I A was kept at its control Fig. 3B , left). Finally, Figure 3C (left) shows the relationship for the third pair of conductances confirming a negative dependence of spiking frequency on changes of G A and positive dependence on changes of G H (␤ A ϭ Ϫ0.476, ␤ H ϭ 0.926; R 2 ϭ 0.579; p Ͻ 0.001, n ϭ 11). Overall, these data indicate that spiking frequency is most dependent on G H , and somewhat less sensitive to both G A and G HTK .
These linear relationships in two dimensions reveal that a set of pairs of conductance values exists for which the activity attribute remains invariant at any given value (a level set). By projecting the planes obtained from the fits shown in Figure 3 onto two dimensions and using a colorscale to represent the changes in activity, such a set of conductance pairs can be visualized (Fig. 3, right) . A black dashed line in each of the panels illustrates the level set for the spiking frequency observed in control conditions (spiking frequency change ϭ 0%) that was calculated from the multivariate linear regression equation by setting Z ϭ 0. As seen in this example, positive correlations between G H and either I HTK (Fig. 3A, right) and G A (Fig. 3C,  right) , and a negative correlation between the two potassium conductances (Fig. 3B, right) are conditions for the invariance of spiking frequency in PD neurons. Furthermore, these data indicate that spiking frequency is most sensitively dependent on G H (largest ␤ value) and similarly sensitive to both G A and G HTK.
We performed the same analysis on each of the 10 activity attributes measured, this time using a four-dimensional multivariate analysis (with Z ϭ ␤ A X A ϩ ␤ H X H ϩ ␤ HTK X HTK ϩ ␤ 0 ), with the three conductances as independent variables for each activity attribute. The results are shown in Table 3 and summarized in Figure 4 . The top row in Figure 4 shows the signs of the coefficients after setting Z ϭ constant ϭ 0 (meaning no change from control values) and solving for one of the conductances. The signs (positive or negative) then indicate the direction of relative change between two conductances for which activity remains invariant. The variations of the conductances examined define four conductance relationship categories that affect specific activity attributes (Fig. 4, top) . (1) All negative coefficients correspond to the case where a change in any single conductance is opposed by each of the other two conductances (Fig. 4 A) . A single activity attribute, slow-wave amplitude, follows this pattern. (2) The G H coefficient shows a positive (or negative) sign and the two potassium conductances have the opposite sign, corresponding to the case where both potassium currents oppose the effects of changes in I H (Fig. 4 B) . To this category belong most activity attributes examined: slope of the rising phase, spike number and spike frequency, the high and low levels of the slow wave (high bound and low bound), and two of the three measured phase relationships between PD and LP neuron activity (PDoff and LPoff). (3) Only one pair of currents (I A and I H ) affects an activity attribute, namely LPon, and both need to change in the same direction to keep this attribute constant (Fig. 4C) . (4) The final category corresponds to that in which no relationships between a pair or triplet of conductances are statistically significant in altering activity attributes. The pyloric rhythm period is the one attribute that falls in this category (Fig. 4D) .
Overall, these results indicate that all activity attributes, but one, of PD neurons, or of the pyloric network, are determined by combinations of at least two of the ionic currents examined, and most by all three. Furthermore, except for one (amplitude), all of these combinations reflect compensatory effects of one current by the others. Interestingly, most activity attributes are determined by positive relationships between G H and the two K conductances (Fig. 4 B) as our experimental results (Khorkova and Golowasch, 2007) suggest. However, G A and G HTK in this category show a negative correlation, indicating that the two conductances tend to compensate for each other, in contrast to our previous experimental results, which showed a positive correlation between the two (Khorkova and Golowasch, 2007) . The fact that, together, G A and G HTK appear to positively and linearly compensate for changes in G H in this category is further suggested by looking at the sum of the coefficients that determine the direction and strength of these effects (Table 3 , last column). If G H was compensated for exactly by the other two conductances, the sum of the three conductances should be zero. The sum of ␤ A ϩ ␤ H ϩ ␤ HTK in Table 3 shows that 6 of the 7 attributes in this category have small or moderate deviations (positive or negative) from zero, suggesting that positive correlations between G H and the K ϩ currents (but negative correlations between the K ϩ currents) are best at balancing out and thus maintaining those activity attributes relatively invariant.
I H and positive conductance correlations define invariance of most activity attributes
To estimate the relative contributions of each ionic current to the various activity attributes we normalized the slope coefficients and compared their amplitudes. We did this by dividing each coefficient value from the multivariate analysis by the sum of the absolute values of the corresponding three coefficients for each activity attribute (from Table 3 ). These normalized coefficient values are shown in Figure 5 . One clear pattern emerges from this picture: I H is the dominant current in specifying every measured activity attribute. In several instances, this dominance is subtle (slope, spike number, spike frequency, and high bound), but in others it is very strong (LPon, LPoff, PDoff, period). Interestingly, I H is the only current that significantly affects period (Table  3 ). In the case of LPon, I H and I A control it in a homeostatic manner (they oppose each other), even though I H is clearly stronger, and I HTK has no significant influence (Table 3) . For all remaining activity attributes, except amplitude, the effect of I H , whether positive or negative, is always counteracted by the two potassium currents, with the effects nearly completely cancelling each other out for the slope, spike number and high bound attributes (Table 3) .
If linear relationships among the three currents influence most of the attributes that characterize the activity of PD neurons, we hypothesize that the fraction of the variance accounted for by the interactions between these currents (reflected in the coefficient of determination, R 2 , listed in Table 3 ) might be related to the natural variance of these activity attributes in the unperturbed system. To test this hypothesis, we calculated the coefficient of variation (CV) of each of the 10 attributes in the free running system before any ionic currents were measured or injected back into the cells with dynamic clamp (Table 2 ) and used these values as a measure of the natural variability of the system. For this, we recorded extracellularly from both the lateral ventricular and pyloric dilator nerves and from the PD neuron with a single electrode the first time it was impaled (to minimize the disruption of its activity). On the other hand, since R 2 represents the fraction of the variance explained by the independent variables in the 4-D multivariate linear analysis, 1 Ϫ R 2 represents the unexplained portion of the variance, and can thus be an indicator of variability of the dynamic clamp-perturbed system (Fig. 6) . Interestingly, we observe that the variability of the activity attributes in the minimally perturbed system shows a high correlation with the unexplained variance determined from the multivariate analysis of the dynamic clamp-perturbed system ( ϭ 0.769, p Ͻ 0.01, Pearson Product moment correlation test). We conclude from this that the portion of the variance of the activity attributes that can be explained by changes in the three ionic currents examined here are also at play, and to a similar degree, in the free running and undisturbed system.
Discussion
Correlations between ionic currents have been discovered in several systems (Linsdell and Moody, 1994; MacLean et al., 2003; Vähäsöyrinki et al., 2006; Khorkova and Golowasch, 2007; Peng and Wu, 2007; Tobin et al., 2009; Bergquist et al., 2010; Cao and Oertel, 2011; Amendola et al., 2012) . This interdependence suggests compensatory roles between the correlated conductances in determining specific attributes of neuronal or network activity, and may be of fundamental functional importance given the high levels of individual conductance variability observed in identified neurons across individuals (Golowasch et al., 1999; Liss et al., 2001; Schulz et al., 2006; Khorkova and Golowasch, 2007; Olypher and Calabrese, 2007; Temporal et al., 2012) . Here we examined experimentally the extent to which compensatory relationships among three ionic currents, I A , I H , and I HTK , may be able to specify invariance in a number of activity attributes in an identified neuron from the crab pyloric network. We conclude that, indeed, correlated changes in ionic conductances define sets of conductance pairs or triplets that, together, can control activity attributes by specifying invariant levels of activity (level sets) along linear combinations of maximal conductances. Up to ϳ76% of the variance of some attributes can be explained with changes in only these three currents ( Table 3 ). Given that conductance variability and the correlated expression of ionic currents appear to be prevalent phenomena in neurons from different systems, this suggests a general mechanism to ensure stability of activity despite the variable expression of ionic currents.
It is interesting that, to date, only what appears to be linear relationships between ion current parameters have been identified experimentally (Schulz et al., 2006 (Schulz et al., , 2007 Khorkova and Golowasch, 2007; Tobin et al., 2009; Cao and Oertel, 2011; Amendola et al., 2012; Temporal et al., 2012) , while theoretically, linear relationships appear to be the exception (Golowasch et al., 2002; Olypher and Calabrese, 2007; Taylor et al., 2009; Hudson and Prinz, 2010) and appropriate only locally (Olypher and Calabrese, 2007) . Also, the ranges over which these currents, their conductances, or the levels of mRNA that code for them vary linearly are very large (2-to 10-fold), much larger than what might be considered local. We examined similar ranges here (Ϯ50%, corresponding to a threefold change) and also found that linear relationships among them can specify invariant activity features. Nevertheless, mild nonlinearities may be obscured by measurement error and noise. In any case, the mechanisms that allow such relationships between conductance levels are yet to be elucidated.
How can compensatory changes of specific activity features be mediated by ionic currents that are both not linearly dependent on parameters (e.g., voltage or Ca 2ϩ ) and activated over voltage ranges that sometimes barely overlap (e.g., I A and I H )? One possibility is that only the steady-state portion of these currents over only very narrow voltage ranges are essential and may affect activity indirectly by regulating the resting potential or leak current at that voltage (Cao and Oertel, 2011) . Alternatively, complex interactions of voltage-dependent gating variables and rate constants combine to stabilize a feature (Olarinre et al., 2012) .
The variance of some attributes, which are not well accounted for on the basis of the small number of currents examined in this study, is likely better explained if additional currents expressed by pyloric neurons (Graubard and Hartline, 1991; Golowasch and Marder, 1992a; Zhang et al., 1995) are included. Indeed, Olypher and Calabrese (2007) have shown proof that to maintain m features of activity constant, at least m ϩ 1 independent compensating parameters are required. Consequently, we cannot explain activity constancy of more than two features with the three currents we are considering. This may explain the partial levels of variance that we can account for in the measured features.
To our knowledge, except for two cases (Bergquist et al., 2010; Ransdell et al., 2012) Table 3 define four activity attribute categories (A-D) relative to the correlated variation of the ionic conductances examined. Top shows the conductance relationships that determine these categories; bottom graphically shows the activity attributes in each category. A positive sign means that to maintain constant at attribute value (e.g., at control levels, corresponding to Z ϭ 0), currents must grow together; a negative sign means that attribute invariance requires a current to grow and the other to decrease. et al., 2009) or mRNA quantification (Schulz et al., 2006; Goaillard et al., 2009; Tobin et al., 2009) , are positive, including those observed in the neuron examined in this study (Khorkova and Golowasch, 2007; Schulz et al., 2007; Temporal et al., 2012) . This is in contrast to negative relationships that are typically expected from theoretical studies Hudson and Prinz, 2010) . We propose that the positive correlations observed in identified neurons across individuals reflect genetically encoded developmental programs aimed at globally scaling ionic conductances during growth and neuronal-type specification. The positive correlations observed in adults would thus correspond to an ontogenically preserved state. Pairs of currents that are functionally inadequate to control these activity attributes (e.g., G A -G HTK ) could be regulated with a negative relationship by other mechanisms, such as activity-dependent conductance changes. In fact, activity-dependent mechanisms have been reported in crab pyloric network, particularly for the G A -G HTK conductance pair, albeit in a different neuron type (Golowasch et al., 1999) . Our work then predicts that negative conductance relationships, such as those observed in our study and perhaps others predicted by theory, should be observed in future studies, and that they are driven by short-to medium-term induction mechanisms such as activity dependence or neuromodulatory inputs. Hudson and Prinz (2010) , using generic models of STG neurons, reported that 30% of correlations that contribute to maintaining neuronal activity attributes invariant are negative. One of those negative relationships was also observed in our study: a negative G A -G HTK relationship accounts for their duty cycle values, which is closely related to our PDoff attribute. Given that these two K ϩ conductances are transient and activate in a similar voltage range (Golowasch and Marder, 1992b) , this relationship should not be surprising. These authors also found several other relationships that we did not attempt to study, but which are interesting candidates for future studies.
All phase relationships of burst firing in the pyloric network (Bucher et al., 2005; Goaillard et al., 2009 ) are essentially constant across individuals. Although the phase of PD onset is typically not reported because it is used as reference, if measured with respect to LP burst termination (PDon ϭ 1 Ϫ LPoff), it too would remain invariant given that LPoff is invariant. PDon relative to LP burst termination would be directly related to the slope attribute. Therefore, we conclude that our results are consistent with the idea that the constancy in the natural state of all the phase relationships between PD and LP bursting (Bucher et al., 2005; Goaillard et al., 2009 ) is likely to be at least partly due to the apparent correlation between I H and the K ϩ currents I A and I HTK . Furthermore, our observation that a positive G A -G H relationship accounts for an invariant slope (or delay to burst onset after inhibition) is consistent with theoretical and experimental observations by Hudson and Prinz (2010) and others (MacLean et al., 2003 (MacLean et al., , 2005 Burdakov, 2005) .
To what extent do the conductance relationships examined here account for changes in activity in the natural, unperturbed and free running state? We looked at this by comparing the coefficient of variation of each of the activity attributes in the unperturbed state to the unexplained portion of the variance (1 Ϫ R 2 ) of these attributes obtained from the dynamic clamp experiments (Fig. 6) , and observed a clear correlation between these two forms of variability. This suggests that the level of variability in the unperturbed state can be accounted for by changes in the three conductances to an extent similar to that accounted for in our dynamic clamp experiments. Thus, a small CV value for the PDoff attribute, for example, corresponds to a small unexplained variance from the dynamic clamp experiments. In contrast, the variability of the slope attribute, while sensitive to the correlated changes of the three currents, cannot be accounted for to the same extent as, for example, PDoff, suggesting that currents other than those examined in this study affect it to a significant degree as well.
Simultaneous invariance of all activity attributes can obviously not be achieved in any single neuron or neuronal type. Different levels of invariance will be achieved if current relationships (level sets) for each activity attribute differ from each other to varying degrees. Therefore, for any given neuronal type, a hierarchy of attributes will always exist, for which a given set of correlated currents determines their invariance level. For PD neurons, this is reflected, for example, in the rank of the variance of each attribute that is explained by the correlated expression of these currents shown in Figure 6 . Interestingly, period, which is known to be extremely variable in this system (Bucher et al., 2005; Goaillard et al., 2009) , is near the lowest point in the hierarchy, while the phase relationships, which are the most invariant of these attributes (Bucher et al., 2005; Goaillard et al., 2009) , are near the top. The exact origin of the variance difference between attributes remains to be discovered, and may be, at least in part, due to the small number of parameters (ionic conductances) considered in this study, as suggested by Olypher and Calabrese (2007) .
